Bilateral asymmetry in the genitalia is a rare but widely dispersed phenomenon in the 27 animal tree of life. In arthropods, occurrences vary greatly from one group to another 28 and there seems to be no common explanation for all the independent origins. In 29 spiders, genital asymmetry appears to be especially rare. Few examples have been 30 studied in detail but isolated reports are scattered in the taxonomic literature. Based on a 31 broad literature study, we found several species in thirteen families with evidence of 32 genital asymmetry, mostly expressed only in females. Our review suggests that spider 33 genital asymmetries, although rare, are more common than previously thought and 34 taxonomic descriptions and illustrations are a useful but not entirely reliable tool for 35 studying them. Here we also document thoroughly the case of the liocranid spider 36 Teutamus politus. We collected live specimens to observe male-female interactions and 37 document their genital morphology. We consider T. politus to be the first known case of 38 directional asymmetry and the first report of developmentally asymmetric male genitals 39 in Entelegynae spiders. Generalities, evolution and categorization of asymmetry in 40 spiders are further discussed. 41 42 Liocranidae.
. b) Pardosa sagei; modified from Kaston [37] . c) Pimoa 140 petita; modified from Hormiga [35] . Antisymmetry (AS) is the second most common form of asymmetry in spiders and has 144 been documented in three genera of the Theridiidae (Asygyna, Echinotheridion, and 145 Tidarren) (Fig. 3a, c) [22, 40, 41] ; one genus of Pholcidae (Metagonia) ( Fig. 2a, h) [21] ; 146 one genus of Phrurolithidae (Scotinella) (Fig. 3b) [42] and scattered cases such as in 147 Trachelidae (Fig. 3f) [27, 43, 44] , Cithaeronidae (Fig. 3h) [45] and other RTA families. 148 Directional asymmetry (DA) is the rarest type and, until now, it had only been reported 149 in the pholcid Metagonia mariguitarensis (Fig 2h) [8]; DA has also been implied some 150 descriptions within the Oonopidae (Fig 2e) [19, 46] , and in the liocranid Teutamus 151 politus female genitalia [47] . All of these, other isolated reports, and scattered 152 descriptions and illustrations suggest that genital asymmetries in spiders have originated 153 independently several times and their study might give better insights into how and 154 when this phenomenon has evolved and the selective mechanisms behind it. reported cases in literature [1, 3, 8, 10, 11] and then expanded depending on the 182 occurrences found within each family. We did not contemplate individual cases of clear 183 FA but this type of asymmetry is included in our discussion. We considered T. politus 184 as a good model for testing basic hypotheses on genital asymmetry because of the clear 185 external and internal morphology of female genitalia and Deeleman-Reinhold's [47] 186 note suggesting this could be a case of DA. Furthermore, we hypothesized that 187 morphological or behavioral compensation for female genital asymmetry could be 188 found in the male. 189 190 We considered male asymmetry as those cases that result in clear morphological 191 differences between right and left pedipalp regardless of having a developmental or 192 behavioral origin. Based on this, we also considered the pedipalp amputation that males 193 of Echinoitheridion and Tidarren perform on themselves in our review; especially since 194 the asymmetry has clear adaptive and evolutionary implications [14, 41, [50] [51] [52] . 195 196 197 Fieldwork-We selected study sites and collecting dates based on the relative numbers 198 of collected adult specimens of T. politus mentioned in literature [47, 48] . Fieldwork was 199 carried out in Thailand between July 29 th and August 12 th 2018; here we sampled 12 200 sites in total: eight in Phuket Island and four more in Krabi Province. We attempted to 201 cover a variety of vegetation types ranging from relatively well preserved mixed forests 202 to rubber and oil palm plantations. In each site we processed leaf litter using Winkler 203 extractors and direct collecting on ground, among leaf litter and under rocks and logs.
204
Hand collected specimens were kept alive in individual tubes. Winkler specimens were 205 collected in a mixture of propylene glycol and 96% ethanol. All the specimens have 206 been deposited in the collection of the Naturalis Biodiversity Center, Leiden, The
207
Netherlands.
209
Behavioral observations-Live specimens were kept individually in clean 15ml Falcon 210 tubes and fed with termites every two days. Seventeen males and 19 females were 211 selected and assigned unique numbers. Couples were formed preferably with specimens 212 from the same locality. Spiders were placed in a Petri dish (diameter 5 cm, height 1 213 cm); each dish was divided by a paper wall with a small opening so spiders could roam 214 freely but flee in case of aggression. showing a wide range of variation on spermathecae and copulatory ducts ( Fig. 3d-h ).
268
Female external asymmetry was only found in Asygyna (Fig. 3a) , Scotinella (Fig. 3b ) 269 and Teutamus (Fig. 7a,d ). Male genital asymmetry in Entelegynae had only been 270 reported in the theridiid Echinotheridion and Tidarren (Fig. 3c ); these two genera 271 exemplify a unique behavior that results in genital mutilation; however, normal 272 developmental asymmetry, rather than behaviorally induced, had never been described an atrium facing the left side of the venter and located anteriorly to the bean-shaped 317 spermatheca ( Fig. 7a-c) . Left spermatheca is slightly shorter than right one ( Fig. 7c ).
318
Copulatory ducts (CD) are equally long. Right CD anterior to the right spermatheca, left 319 CD located in between both spermathecae ( Fig. 7c, e ). Asymmetric attachment of CD to 320 spermathecae with the right being anterior to that of the left one (Fig. 7b, c) . Both CD 321 have secretory ampullae (Sa) close to their middle portion (Fig. 7b, c) . Fertilization Other cases difficult to assess are: the reduction of spermathecae to a single receptacle, 419 as seen in some oonopids [35, 51, 52] , pholcids [62, 63, 65] , and telemids [20,68-72] ( Fig.   420 2f, g); and the presence of odd numbered spermathecae in some sicariids [17, 66, 67, 77] 421 and ochyroceratids [16, 61, 78] (Fig. 2 b, c Another interesting observation is the sex biased incidence of AS. This seems to be also 479 the case in some insect groups like Odonata, Ortopthera, Mantodea, and others [1, 2, 76] . the ducts of the right and left sides". Similar morphological variation (Fig. 3d-h (Fig. 5c, f) , having a ventrally flattened tegulum (Fig. 5f) , and a straight conical 569 conductor (Fig. 5f ) instead of the flattened, hook-shaped conductor of the right side 570 (Fig. 5c ) are consistent with this hypothesis. In addition, this evidence seems to back the 571 hypothesis discussed by Schilthuizen (2013) and Huber, Sinclair, and Schmitt (2007) 572 stating that in spiders asymmetry is most likely female-initiated and male changes 573 appear as an evolutionary response. Genital evolution is a complex and interesting topic. The appearance of asymmetric 579 morphologies is a puzzling phenomenon that has often been overlooked. Here we 580 reported T. politus as the first case of directional asymmetry, and the first 581 developmental asymmetry in male genitals in Entelegynae. We also searched for as 582 many cases as possible in taxonomic literature; however, many more might be waiting 583 to be (re)discovered. Our review showed that there have been multiple origins of genital 584 asymmetry in at least thirteen families, and in some cases (e.g. Oonopidae, Pholcidae, 585 Theridiidae, Liocranidae) two or more within the same family. A correct assessment of 586 genital asymmetry based on taxonomic legacy literature is difficult mainly due to the 587 lack of data, description and illustration biases, and number of specimens and variation 588 descriptions.
590
As has been shown by previous works on genital asymmetry in insects and spiders, 591 there is no single explanation for the evolution of this trait, but some generalizations can 592 be made. In contrast to insects and other arthropod groups, the low number of genital 593 asymmetric species in spiders might indicate that the appearance of these morphological 594 modifications might reduce subsequent speciation rates or even increase extinction 595 rates; specialized lineages tend to have a reduced capacity to diversify and therefore 596 might be considered evolutionary dead ends [86] . However, our observations indicate 597 that cases of sexual asymmetry in spiders, although rare, are more common than was 598 previously thought. Furthermore, they have evolved independently several times but 599 rarely appear isolated and most of the times seem to be clustered within a genus or 600 closely related genera, as in the cases of Oonopidae, Pholcidae, Theridiidae, and 601 probably Liocranidae. The evolution of genital asymmetries in spiders might be a good 602 candidate to be tested as a potential evolutionary dead end. and valuable information to explain the evolutionary pattern of genital asymmetry. We 618 hope that this review will aid in the study, development and testing of hypotheses on 619 sexual evolution. We specifically hope it sparks discussions on the complex interactions 620 between males and females, and appearance of interesting phenomena like genital 621 asymmetry. 
